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We present an economic model that establishes a link between neutrino masses and properties of
the dark matter candidate. The particle content of the model can be divided into two groups: light
particles with masses lighter than the electroweak scale and heavy particles. The light particles,
which also include the dark matter candidate, are predicted to show up in the low energy experiments
such as (K → ℓ+missing energy), making the model testable. The heavy sector can show up at the
LHC and may give rise to Br(ℓi → ℓjγ) close to the present bounds. In principle, the new couplings
of the model can independently be derived from the data from the LHC and from the information
on neutrino masses and Lepton Flavor Violating (LFV) rare decays, providing the possibility of an
intensive cross-check of the model.
PACS numbers:
I. INTRODUCTION
The nature of dark matter and the tiny neutrino masses are two great mysteries of modern particle physics and
cosmology. A myriad of models have been proposed in the literature to explain either of these phenomena. Recently
there have been some attempts to link these two phenomena [1, 2].
In Ref. [1], a scenario has been proposed that most economically accounts for the neutrino mass and simultaneously
provides a dark matter candidate. The new particle content of the scenario is composed of a scalar field φ which plays
the role of dark matter and two (or more) right-handed Majorana neutrinos, Ni. A Z2 symmetry has been introduced
under which φ and Ni are odd but the standard model particles are even. The Z2 symmetry stabilizes the lightest
new particle, making it a suitable dark matter candidate. Moreover, the Z2 symmetry forbids the ǫαβN¯H
T
αLβ term
in the Lagrangian so the neutrinos do not obtain a Dirac mass term.
Following [1], we shall call the scalar a SLIM. The scenario can be realized in two cases: i) real scalar; ii) complex
scalar. In the present paper, we shall focus on the scenario with real SLIM. The scenario is based on the following
low energy effective Lagrangian:
L = −giαN¯iναLφ− N¯ cj
(MN )ij
2
Ni . (1)
This Lagrangian at one loop level gives Majorana masses to the active neutrinos: mν = (g
2MN/16π
2) log Λ2/M2N . The
dominant annihilation modes of the dark matter is into a neutrino or antineutrino pair: σtot ≃ σ(φφ→ νν)+σ(φφ→
ν¯ν¯) . Under the assumption that the production of dark matter in the early universe was thermal, the dark matter
abundance determines the annihilation cross section (〈σtotvr〉 ∼ 3 · 10−26 cm3/sec), which is in turn given by the
coupling g and the masses of the right-handed neutrinos. The same parameters also determine the Majorana masses
of active neutrinos: σtot = (g
4/2π)[m2N/(m
2
φ +m
2
N )
2]. Combining these two pieces of information, the parameters of
the model can be restricted. In case of real scalar, the mass of the lightest right-handed neutrino is found to be in the
range of few to 10 MeV. Remember that the scalar is taken to be even lighter than the right-handed neutrinos. On
the other hand, a lower bound of few×10−4 is derived on the coupling [1]. With the lower bound on the coupling and
the upper bound on the masses of new particles, the scenario can be tested with experiments and observations that
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2are sensitive to rare but low energy processes; e.g., studies of supernova core collapse and searches for rare decays of
light mesons such as the Kaon or pion [1].
The effective Lagrangian (1) is valid only in low energies and has to be embedded within a high energy theory
which is invariant under SU(3)×SU(2)L×U(1). Recently, a model has been proposed that embeds the scenario with
a complex SLIM [3]. In [4], a model has been proposed that can be considered a realization of complex SLIM but the
question of dark matter abundance has not been addressed in [4]. In the present paper, we propose a minimalistic
model which embeds the scenario with a real SLIM.
The paper is organized as follows. In sect. II, we introduce the model. In sect. III, we discuss the phenomenological
implications of the model. The results are summarized in sect. IV.
II. REAL SLIM
The content of this model is composed of (1) an electroweak singlet, η; (2) two Majorana right-handed neutrinos,
Ni and (3) an electroweak doublet with nonzero hypercharge, Φ
T = [φ0 φ−] where φ0 ≡ (φ1 + iφ2)/
√
2 with real φ1
and φ2. Similarly to the scenario in [1], all these particles are odd under the Z2 symmetry. The most general Z2 even
renormalizable Lagrangian involving only the scalars can be written as
L =−m2ΦΦ† · Φ−
m2s
2
η2 − (mηΦη(HT (iσ2)Φ) + H.c.)
− λ1|HT (iσ2)Φ|2 − Re[λ2(HT (iσ2)Φ)2]− λ3η2H†H − λ4Φ† · ΦH† ·H
− λ
′
1
2
(Φ† · Φ)2 − λ
′
2
2
η4 − λ′3η2Φ† · Φ
−m2HH† ·H −
λ
2
(H† ·H)2 (2)
Certain conditions on the parameters of the model should be satisfied so that the theory becomes stable in the sense
that when a combination of the fields goes to infinity, the potential remains positive [5]. Some of these conditions are
λ′1, λ
′
2 > 0, λ
′
3 > −(λ′1λ′2)1/2, λ3 > −(λλ′2)1/2
and
λ1 − |λ2|+ λ4 > −(λλ′1)1/2 .
For simplicity we take the Lagrangian to be CP-conserving which means mηΦ and λ2 are both real. As we shall see
below, after electroweak symmetry breaking, the term mηΦ mixes η with the CP-even neutral component of Φ (i.e.,
φ1). The lightest new particle is a linear combination of η and φ1 with a dominant contribution from η. Because of
the Z2 symmetry, such a combination is stable and plays the role of the dark matter [i.e., the role of φ in Ref. [1];
see Eq. (1)].
The Lagrangian involving the right-handed neutrinos in the mass basis of right-handed neutrinos is
L = −giαN¯iΦ† · Lα − Mi
2
N¯ ciNi , (3)
where Lα is the lepton doublet of flavor α: L
T
α = (νLα ℓ
−
Lα).
After electroweak symmetry breaking (i.e., setting HT = (0 vH/
√
2)), the mass terms will be of form
Lm = −m2φ− |φ−|2 −
m2φ2
2
φ22 (4)
− m
2
η
2
η2 − m
2
φ1
2
φ21 −mηΦvHφ1η (5)
3where
m2φ− =m
2
Φ + λ4
v2H
2
(6)
m2η =m
2
s + λ3
v2H
2
(7)
m2φ1 =m
2
Φ + λ1
v2H
2
+ λ2
v2H
2
(8)
m2φ2 =m
2
Φ + λ1
v2H
2
− λ2 v
2
H
2
. (9)
The parameters can be tuned such that the squares of all mass eigenvalues become positive. This means that other
than the Higgs field, none of the scalars develops a vacuum expectation value so the Z2 symmetry remains unbroken
and moreover neutrinos do not acquire any Dirac mass at the tree level. φ− and φ2 are both mass eigenvalues whose
masses can be readily read respectively from Eq. (6) and Eq. (9). To avoid the bounds from direct searches, m2φ− and
m2φ2 are taken above the electroweak scale. Assuming the couplings of Higgs are relatively small (i.e.,
<∼ 0.1), this
means m2Φ, and consequently m
2
φ2
, m2φ1 and m
2
φ− , are of order of (or larger than) O((100 GeV)
2). However, m2η can
be below the electroweak scale. The mass eigenstates are[
δ1
δ2
]
=
[
cosα − sinα
sinα cosα
] [
η
φ1
]
(10)
with
tan 2α =
2vHmηΦ
m2φ1 −m2η
(11)
m2δ1 ≃ m2η −
(mηΦvH)
2
m2φ1 −m2η
(12)
m2δ2 ≃ m2φ1 +
(mηΦvH)
2
m2φ1 −m2η
, (13)
where in the last two equations we have used (mηΦvH)
2/(m2φ1 −m2η)2 ≪ 1. The couplings of the mass eigenvalues δ1
and δ2 to N¯iνLα are listed in Table I. We are interested in the following range:
m2δ1 < m
2
N1 ≪ m2δ2 ≃ m2φ2 ≃ m2φ− ∼ m2electroweak (14)
and ∣∣∣∣∣m
2
φ2
−m2δ2
m2φ2 +m
2
δ2
∣∣∣∣∣ ≃
∣∣∣∣∣−λ22 v
2
H
m2φ2
− sin
2 α
2
∣∣∣∣∣≪ 1 . (15)
δ1, being the lightest Z2-odd particle, is the dark matter candidate. Using the couplings in Table I, we find
〈σ(δ1δ1 → νLανLβ)vr〉 = 〈σ(δ1δ1 → ν¯Lαν¯Lβ)vr〉 = sin
4 α
8π
∣∣∣∣∣
∑
i
giαgiβmNi
m2δ1 +m
2
Ni
∣∣∣∣∣
2
. (16)
As seen from this formula (and as discussed in detail in [1]), the lightest Ni is in general expected to dominate the
annihilation cross section so we obtain
Max[g1β ] sinα ∼ 5× 10−4
(mN1
MeV
)1/2( 〈σvr〉
3 · 10−26cm3sec−1
)1/4
(1 +
m2δ1
m2N1
)1/2 . (17)
As discussed in [1], the terms in Eq. (3) give a Majorana mass to neutrinos through a one loop diagram. Using
Eq. (2) of [1], we find
(mν)αβ =
∑
i
giαgiβ
32π
mNi
[
sin2 α(
m2δ2
m2Ni −m2δ2
log
m2Ni
m2δ2
− m
2
δ1
m2Ni −m2δ1
log
m2Ni
m2δ1
)
+
m2φ2
m2Ni −m2φ2
log
m2Ni
m2φ2
− m
2
δ2
m2Ni −m2δ2
log
m2Ni
m2δ2
]
. (18)
4particle mass coupling to N¯iνα
δ1 mδ1 −
sinα√
2
giα
δ2 mδ2
cosα√
2
giα
φ2 mφ2
i√
2
giα
TABLE I: Neutral scalars of the model .
Notice that neutrino mass and dark matter annihilation are given by the same coupling. That is why these two
seemingly different quantities are linked. Such a relation is a feature of the scenario in [1] which is embedded within
the present model.
Taking m2δ1 < m
2
Ni
≪ m2δ2 and using Eq. (15), we find
(mν)αβ ≃
∑
i
giαgiβ
32π
mNi
[
sin2 α(
m2δ2
m2Ni −m2δ2
log
m2Ni
m2δ2
− m
2
δ1
m2Ni −m2δ1
log
m2Ni
m2δ1
− 1)− λ2 v
2
H
m2φ2
]
. (19)
Three situations are imaginable: (1) λ2v
2
H/(m
2
φ2
) ≫ sin2 α log(m2δ2/m2N ); (2) λ2v2H/(m2φ2) ∼ sin2 α log(m2δ2/m2N );
and (3) λ2v
2
H/(m
2
φ2
)≪ sin2 α log(m2δ2/m2N). If we proceed with case (1) and combine Eq. (17) with Eq. (19), we find
that the preassumption (i.e., λ2v
2
H/m
2
φ2
≫ sin2 α log(m2N/m2δ2)) implies mN1 ≪ 1 MeV which might be at odds with
nucleosynthesis data [6]. Situations (2) and (3) imply
mN1 ∼ (1 MeV)
(
3 · 10−26 cm3 sec−1
〈σvr〉
)1/4(
25
logm2N1/m
2
δ2
)1/2(
mν√
∆m2atm
)1/2(
1 +
m2δ1
m2N1
)−1/2
(20)
which is the same conclusion reached in Ref. [1]:
mδ1 < mN1 ∼ few MeV ,
and can be made compatible with the nucleosynthesis data [7]. As discussed in [1], in order to reproduce the
neutrino data at least two Ni should be present. Within minimalistic scenario with only two Ni, one of the active
neutrino mass eigenvalues vanishes which means the neutrino mass scheme is hierarchical. Assuming that annihilation
δ1δ1 → νLνL is dominated by N1, the only bound on the parameters comes from the neutrino mass matrix. Taking
m2δ2 ≃ m2φ2 ≃ m2φ− ∼ m2electroweak, we obtain

g2α ∼ 2× 10−4
(
mν√
∆m2
atm
)1/2 ( mN2
10 MeV
)−1/2 1
sinα 1 MeV < mN2 ≪ mδ2
g2α ∼ 7× 10−6
(
mν√
∆m2
atm
)1/2 ( mN2
100 GeV
)1/2 1
sinα mδ2 ≪ mN2 ≪ mδ2 sinα/λ2
g2α ∼ 4× 10−6
(
mν√
∆m2
atm
)1/2 ( mN2
100 GeV
)−1/2 1√
λ2
mδ2 sinα/λ2 ≪ mN2
(21)
Notice that neither the constraints from the neutrino data nor the one from the dark matter abundance yields any
bound on the masses of the components of Φ, i.e., mφ− ,mφ1 ormφ2 . In principle, as long as sinα ∼ vHmηφ/(m2φ1−m2η)
remains smaller than few×10−4 (see Eq. (17)), the components of Φ can be arbitrarily heavy. Notice however that for
m2φ1/m
2
Electroweak →∞, mηφ also grows as sinαm2φ1/vH . Moreover for m2φ1 ≫ m2electroweak, from Eq. (11) we observe
that in order to maintain m2δ1 around (1 MeV)
2, a fine tuned cancelation between m2η and (mηΦvH)
2/(m2φ1 −m2η) ∼
sin2 α(m2φ1−m2η) is required. The degree of fine tuning is m2δ1/(sin2 αm2φ1) ≃ 10−4(1 TeV)2/m2φ1 so to keep the degree
of fine tuning agreeable, the range m2φ1 ≪ (TeV)2 is more desirable.
After replacing g → g sinα/√2, all discussion in Ref. [1] on the falsifiability of the model via low energy experiments
can be repeated here, too. In addition to the phenomenological implications discussed in [1], the heavy states will
cause a number of potentially observable effects which we discuss in the next section.
5III. PHENOMENOLOGICAL IMPLICATIONS
In Ref. [1, 8], a number of phenomenological consequences of the low energy content of the scenario have been
discussed. The same consideration applies when the scenario is embedded within a model.
Large scale structure arguments imply that the dark matter candidate has to be heavier than few keV [1, 9].
Although our dark matter candidate can affect the supernova evolution, it can be accommodated within current
uncertainties [1]. Detection of future supernova explosions will be a powerful probe for this scenario. Finally, since
there are new light particles Ni and δ1 which couple to ordinary neutrinos, they can show up in light meson decays
as missing energy signal (K(π) → ℓNiδ1). Present bounds on the coupling [10] are too weak to rule out our model
[1]. Eventually by improving the bound on K → ℓ + missing energy and π → ℓ + missing energy, the condition in
(17) can be tested [11]. Thus, a careful analysis of the KLOE results is imperative for testing this model.
From Eq. (10), we observe that while real singlet, η, and the CP-even component of Φ, φ1 mix, the CP-odd
component, φ2 is decoupled and does not enter the mixing matrix. This is expected because we took the Lagrangian
to be CP-even. Had we allowed mηφ and λ2 to be complex, a mixing between η and φ2 would also appear. The
coupling of φ0 = (φ1 + iφ2)/
√
2 to Z boson is of the following form:
(φ2∂µφ1 − φ1∂µφ2)Zµ .
The absence of a component of φ2 in δ1 has several consequences: 1) Since φ2 is heavy, no new decay mode for the Z
boson appears. 2) The interaction of dark matter with electrons and nuclei does not take place at tree level, making
direct detection as well as trapping in dense environments such as the Sun more challenging. Moreover, the mass
of the dark matter candidate in this model is too small to lead to a detectable recoil energy in direct dark matter
search experiments. Through couplings to the Higgs boson (i.e., λi), the dark matter can interact with nuclei. If the
couplings are relatively large, dark matter can be trapped inside the Sun. Relatively high abundance of dark matter in
the halo can give rise to a neutrino flux of few MeV potentially detectable at Super-Kamiokande. The corresponding
bound has been studied in [12] but the present bound is too weak to probe 〈σvr〉 ∼ 3 · 10−26cm3sec−1.
In addition to the effects caused by light particles of the model (i.e., Ni and δ1), due to the presence of the heavier
particles within the present model, a number of new effects will appear which we discuss below.
A. Annihilation into electron positron pair
In the present model, the annihilation of dark matter to the e−e+ pair can take place only at the loop level. There
are two one-loop diagrams contributing to this annihilation. In one of these two, the vertices involving δ1 are of the
form −(gie sinα/
√
2)δ1N¯iνe and in the other, only the gauge couplings enter. Depending on the range of parameters,
either of the following contributions to the annihilation cross section can be dominant:
〈σvr〉 ∼
(
e4
16π2 sin4 θW
)2
(mδ1vr)
2
8πm4W
sin4 α or ∼
(
e2
∑
i |gie|2
16π2 sin2 θW
)2
(mδ1vr)
2
8πm4W
sin4 α.
Since SLIMs are scalars and the annihilation into an electron positron pair does not flip the chirality, the annihilation
is a p-wave process so the cross section is proportional to the velocity square (v2r ). In order to explain the 511 keV line
from the center of the galaxy the ratio σ(Dark Matter + Dark Matter→ e−+e+)/σtot has to be of order of 10−4. The
loop suppression factor [i.e., e4/(16π2 sin2 θw)
4] is smaller than this amount so the 511 keV line cannot be explained
within this model. Moreover, because of the low annihilation cross section, we do not expect any detectable photon
radiation from the emitted e−e+ pairs. Notice that the annihilation of non-relativistic SLIMs into µ+µ− cannot take
place because of the low mass of the particles.
B. Annihilation into photon pair
There are several one-loop diagrams that contribute to the annihilation into a photon pair. Each diagram is
divergent but the divergences cancel each other and at the end of the day, the cross section can be written as
σ(δ1δ1 → γγ) ∼ e
8 sin4 α
8π(16π2)2 cos4 θW
m2δ1
m4W
∼ few × 10−41
(
Mδ1
MeV
)2
sin4 α cm3/sec . (22)
6The value of annihilation cross section is too small for the Fermi telescope (formerly known as GLAST) to detect a
signal for annihilation into a photon pair (see, e.g., Fig 4 of [13]).
C. Lepton Flavor Violating rare decay
In both of the models presented in this paper, there is a charged scalar that couples to the charged leptons through
giαN¯iℓLαφ
−. This coupling leads to the Lepton Flavor Violating rare decays, µ → eγ, τ → µγ and τ → eγ. Using
the formulas in [14], we find
Γ(ℓα → ℓβγ) = m
3
α
16π
|σR|2 , (23)
where
σR =
∑
i
giαg
∗
iβ
iemα
16π2m2φ−
K(ti) ,
where ti = m
2
Ni
/m2φ− and
K(ti) =
2t2i + 5ti − 1
12(ti − 1)3 −
t2i log ti
2(ti − 1)4 . (24)
The following three limits are of interest: (1) ti → 0 for whichK(ti)→ 1/12; (2) ti →∞ which impliesK(ti)→ 1/(6ti)
and (3) ti ∼ 1 which implies K(ti) ∼ 1.
As discussed earlier, the mass of at least one of Ni has to be around 1 MeV. The mass of the other Ni can be larger.
As long as m2N2 ≪ m2φ− , we can write
Br(µ→ eγ) ∼ 2× 10−4|
∑
i
gµig
∗
ei|2
(
100 GeV
mφ−
)4
(25)
Br(τ → ℓαγ) ∼ 5× 10−5|
∑
i
giτg
∗
iα|2
(
100 GeV
mφ−
)4
. (26)
From PDG booklet [15], we read
Br(µ→ eγ) < 1.2× 10−11 (27)
Br(τ → eγ) < 1.1× 10−7 (28)
Br(τ → µγ) < 6.8× 10−8 . (29)
From Eqs. (17,21), we realize that the present bounds can be readily satisfied. A particularly interesting range is the
following:
mφ− ∼ 100 GeV giµ, giτ ∼ few × 10−2 and gie ∼ few × 10−3, (30)
which leads to the LFV rates detectable in near future [16]. Notice that a little hierarchy of gie ∼
(∆m2sol/∆m
2
atm)
1/2giµ ∼ 0.1giµ is desirable for normal hierarchical mass scheme.
In future if these LFV rare decays are discovered, it will be possible to derive information on the flavor structure
of the couplings. By combining the information from the flavor structure of the neutrino mass matrix with the
information from LFV searches the models can be probed [11].
D. Magnetic dipole moment of the muon
In the models presented in this paper, the magnetic dipole moment of the muon obtains a contribution via coupling
giµN¯iµ(φ
−)†:
δ
g − 2
2
=
∑
i
|giµ|2
16π2
m2µ
m2φ−
K(ti) ,
7where K(ti) is defined in Eq. (24). For ti ≪ 1, which is what we expect for our model, we can write
δ
g − 2
2
= 5× 10−12
∑
i |giµ|2
10−2
(
100 GeV
m2φ−
)2
so the present bounds can be readily satisfied. The predicted value is below the present bound by two orders of
magnitude.
E. Dark matter self interaction
The λ′i couplings can give rise to self interaction of the SLIM particles:
〈σ(δ1δ1 → δ1δ1)v〉 ∼Max[ |λ
′
1|2 sin4 α
8πm2δ1
,
|λ′2|2 cos4 α
8πm2δ1
,
|λ′3|2 sin2 α cos2 α
8πm2δ1
] .
From considering the merging of the galaxy clusters, bounds on σ/mDM have been derived [17]: σ/mDM
<∼ 1 cm2/g.
The bound implies
|λ′1|2 sin4 α, |λ′2|2 cos4 α, |λ′3|2 sin2 α cos2 α <∼ 10−4 .
There have been some suggestions to employ self interaction of dark matter with σ/mDM = (0.5−5) cm2/g to explain
the observed mass profiles of the galaxies [18]. The possibility can be readily accommodated within the present model.
F. Production at LHC
Last but not least, the components of doublet Φ can in principle be produced at the LHC through electroweak
interactions in pairs. All the new particles will eventually decay into SLIM which appears as missing energy signal at
the detector.
Remember that at least one of the right-handed neutrinos has to be lighter than the doublet. As a result, φ− can
decay into ℓ−β and Ni
Γ(φ− → ℓ−βNi) ∝ |giβ |2 . (31)
Thus, by studying the two body decay mode into a charged lepton, the couplings to light right-handed neutrinos can
be determined. The same couplings enter the neutrino mass matrix and the formulas for the rates of the LFV rare
decays so the model can be cross checked by studying the correlations [11]. The light Ni will eventually decay into a
SLIM and ordinary neutrinos: Ni → νδ1. Both of the decay products escape detection and appear as missing energy
signal. As discussed in the end of sect. II, there is no upper bound on the masses of the components of the doublet
but from the fine tuning considerations, mass scale of 100 GeV is more desirable. Thus, if the LHC does not find any
signal for such a doublet, the model cannot be falsified however, it will require a higher degree of fine tuning.
Within this scenario Higgs can have invisible decay modes H → δ1δ1. If Max[cos2 αλ3, sin2 αλi with i6=3] >∼ mb/vH ≃
0.02, this decay mode can dominate over the standard decay mode H → bb¯.
IV. CONCLUSIONS
We have proposed a model that encompasses the scenario introduced in [1] for linking dark matter problem with
the neutrino mass puzzle. The model inherits the features of the scenario: It contains a scalar (SLIM) and one (or
more) right-handed neutrino(s) with masses lower than O(1 MeV). As in Ref. [1], combining data on neutrino mass
scale with dark matter abundance puts a lower bound on the couplings between the right-handed neutrinos with the
SLIM which makes the model testable by low energy experiments. Since in the model the mass of the dark matter is
much smaller than the nucleon mass, we expect null result in direct searches for the dark matter which are based on
measuring the recoil energy of scattering of dark matter particles off nuclei in a sample.
8The heavy particles of the model which consist of the components of a scalar doublet can in principle be produced
at the accelerators. The charged component of the doublet, φ−, which couples to charged leptons via the same LFV
couplings that enter the neutrino mass matrix, can give rise to LFV processes, ℓi → ℓjγ at one loop level. Studying
the decay modes of φ−, the flavor structure of its Yukawa coupling can be derived and can be tested against the
information obtained from flavor structure of the neutrino mass matrix. We have not derived any upper bound on the
masses of the doublet so if the LHC reports a null result, the model will not be ruled out. We have however shown
that the fine tuning arguments points towards low mass scale doublets and therefore towards a rich phenomenology
at the LHC.
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